We developed a porous Poly-L-Lactic Acid (PLLA) scaffold compounded with borosilicate bioactive glasses (BBGs) endowing it with bioactive properties. Porous PLLA-BBGs fibre mesh scaffolds were successfully prepared by the combination of wet spinning and fibre bonding techniques. Micro-computed tomography (µCT) confirmed that the PLLA-BBG scaffolds containing ≈ 25% of BBGs (w/w) exhibited randomly interconnected porous (58 to 62% of interconnectivity and 53 to 67% of porosity) with mean pore diameters higher that 100 µm. Bioactivity and degradation studies were performed by immersing the scaffolds in simulated body fluid (SBF) and ultrapure water, respectively. The PLLA-BBG scaffolds presented a faster degradation rate with a constant release of inorganic species, which are capable to produce calcium phosphate structures at the surface of the material after 7 days of immersion in SBF (Ca/P ratio of ~1.7). Cellular in vitro studies with human osteosarcoma cell line (Saos-2) and human adipose-derived stem cells (hASCs) showed that PLLA-BBGs are not cytotoxic to cells, while demonstrating their capacity to promote cell adhesion and proliferation. Overall, we showed that the proposed scaffolds present a tailored kinetics on the release of inorganic species and controlled biological response under conditions that mimic the bone physiological environment.
Introduction
Bone has a remarkable auto-regenerative capacity; however, when a large defect is generated, by accident or disease, it cannot regenerate the lost tissue by itself. At present, both autogenic and allogenic transplants have been used for bone repair, but with different limitations, namely: the autogenic strategy is restricted in supply and limited by the size of the defect; while the allogenic one may present incompatibility and a high risk of infection and of transplant rejection [1, 2] . In this context, bone tissue engineering is a promising approach that provides a strategy based on the use of biodegradable porous scaffolds that serves as a support and mimics of the bone extracellular matrix (ECM), which promotes cell attachment and proliferation. The matching of the scaffolds degradation kinetics with the timeframe of the cellular regenerative processes, allows the formation of new bone while the scaffolds are degraded [3] [4] [5] .
Numerous biomaterials have been developed based on natural and synthetic biodegradable polymers or bioactive ceramics [6] [7] [8] [9] [10] [11] [12] . Synthetic materials present limited variability allowing the optimisation of the scaffold's properties (e.g. porosity and degradation) to promote cell adhesion and proliferation, as well as the capacity to
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5 polymer. This results in to solvent removal and fibres precipitation. Unlike electrospinning, wet spinning is able to create macro to micro-scale fibres allowing cell penetration through the scaffold for bone regeneration and vascularisation. The required pore size might differ between cell types [29] , however, numerous studies support that the optimal pore size for regeneration and mineralisation of bone ranges from 100 to 300µm [30, 31] . Recent studies of the effect of porosity on the ingrowth of MC3T3-E1
pre-osteoblastic cells into 3D scaffolds reported a suitable cellular response within this range [32] .
In this context, we compounded PLLA-BBG into fibrous scaffolds (25% w/w of BBGs),
where the BBGs were formulated with different divalent modifier cations (i.e. Ca 2+ , Mg 2+ and Sr 2+ ), and tested them for their biodegradability, bioactivity and biological response using human osteosarcoma cell line (Saos-2) and human adipose-derived stem cells (hASCs).
Experimental

Materials
All chemicals used for the glass synthesis were reagent grade: boron oxide (Alfa Aesar, Germany), calcium carbonate (Sigma-Aldrich, Portugal), sodium bicarbonate (SigmaAldrich, Australia), silica gel 60M (Macherey-Nagel, Germany), magnesium oxide (Sigma-Aldrich, Portugal) and strontium carbonate (Sigma-Aldrich, Australia). PLLA (with a L-lactide content of 99.6% and an average M w of 69 000 g.mol −1 , from Cargill
water bath maintained at 4 ºC to form a glass frit. The glasses, of general formula with helium at 110 °C using ≈ 5 g of each sample.
Preparation of wet-spun fibre mesh scaffolds
PLLA-BBG fibres were fabricated through the wet spinning of a PLLA solution containing a homogeneous suspension of BBG particles. These fibres were transformed into circular shape fibre mesh scaffolds by fibre bonding. Three different PLLA-BBG scaffolds were fabricated (PLLA-BBG-Mg, PLLA-BBG-Ca and PLLA-BBG-Sr) using three different BBGs (BBG-Mg, BBG-Ca and BBG-Sr, that present, respectively, Mg, Ca and Sr as divalent modifier cations). Unfilled PLLA scaffolds were used as control.
Wet spinning
After preparing a PLLA solution in chloroform (30% w/v), BBGs (25% BBG/PLLA w/w) were added under constant stirring to avoid the agglomeration of BBG particles.
Subsequently, the PLLA-BBG solution was wet spun thought a syringe equipped with a 25 G needle with the tip cut horizontally and perpendicular to the flow. The fibres were extruded at a rate of 15 ml/h into a coagulation bath of methanol. Finally, fibres were collected and dried overnight on the fume hood at room temperature.
Fibre bonding
To fabricate the PLLA-BBG fibre mesh scaffolds, fibres (≈ 80 mg) were first premoulded into a 20 mm diameter metal mould and bonded at 147 °C with a 5 kg weight
on the top for 6 min. The fibre bonding temperature was optimised with the help of differential scanning calorimetry analysis (DSC) of PLLA (T g of 56.7 °C and a T m of 165.4 °C). Finally, a 6 mm puncture was used to obtain specimens of 6 mm diameter and 0.5 mm height.
2.3.
In vitro characterisation of wet-spun fibre mesh scaffolds
Differential scanning calorimetry (DSC) analysis
The glass transition (T g ) and melting (T m ) temperatures of the PLLA were determined by differential scanning calorimetry (DSC, TA Instrument Q100 calorimeter, USA), using a double run between -40 to 200 °C (first run to determine T g and to remove thermal history, and second run to determine T m ), at a heating and cooling rates of 10 °C/min under nitrogen atmosphere, using ~8 mg of sample.
Scanning electron microscopy (SEM)
Scanning Electron Microscopy (Leica Cambridge S360, equipped with an energy dispersive X-ray spectrometer link-eXL-II, UK) was used to assess the surface morphology of the PLLA-BBG scaffolds, as well as to monitor the deposition of calcium phosphate structures on the surface of the fibres after 7 and 14 days of immersion in Simulated Body Fluid (SBF). [33] All the PLLA-BBG scaffolds were sputter-coated (Fisons Instruments SC502, UK) with gold before the analysis. All the micrographs were acquired using a beam energy of 5.0kV and a working distance (WD) of ≈5.2 mm.
X-ray diffraction analysis (XRD)
The PLLA-BBG scaffolds were analysed before and after 7 and 14 days of immersion in SBF by X-ray diffraction (XRD, Bruker D8 Discover, Germany), using Cu radiation BBGs (red images, Figure 2 ). These representative data sets were used for morphometric 3D analysis (CT Analyser, v1.5.1.5, SkyScan) and to build 3D models (ANT 3D creator, v2.4, SkyScan). The morphometric analysis included porosity, mean wall thickness, mean pore diameter and pore interconnectivity. 3D virtual models of representative regions in the bulk of the scaffolds were created, visualised, and registered using image processing software (CT Analyser and ANT 3D creator).
Bioactivity assay
SBF was produced in accordance with the procedure of Kokubo et al [33] . nm for Ca; λ=213.62 nm for P) and the Ca and P concentrations were determined using calibration curves previously obtained with standard solutions (Alfa Aesar).
Degradation assay
The The PLLA-BBG scaffolds were removed from the immersion solution, the excess surface water was removed and the samples were immediately weighed. Afterwards, the samples were dried in the oven at 37 °C, to constant weight, recording the final mass of each specimen. The water uptake (WU) was calculated according to Eq. (1):
Where m tp is the wet mass of the specimen at the specific time (days), and m f is the final mass after immersion and drying. The weight loss (WL) was calculated according to Eq.
(2):
Eq. (2) Where m f is the mass of the dried specimen after its immersion in water, and m i is the mass of the dried specimen before immersion in water.
Thermogravimetric analysis (TGA) was used to determine the amount of BBGs incorporated in the PLLA-BBGs composites and to monitor changes in the weight (mass) of the inorganic BBGs present in the scaffolds as a function of degradation process. TGA thermograms were obtained using a TGA Q500 series (TA Instruments, USA). Experiments were performed in platinum pans, at a heating rate of 40 °C/min from 50 °C to 700 °C under oxygen atmosphere.
Cytotoxicity evaluation
The cytotoxicity assessment was performed by culturing Saos-2 cells in the presence of the PLLA-BBG scaffolds. Cells were expanded in Dulbecco's Modified Eagle Medium (Sigma, USA) supplemented with 10% heat-inactivated foetal bovine serum (FBS, Alfagene, USA) and 1% antibiotic/antimycotic solution (100 U/mL penicillin and 100 μg/mL streptomycin; Alfagene, USA). Cells were cultured at 37 °C in an atmosphere of 5% CO 2 . Confluent Saos-2 cells between passages 13 and 17 were harvested and seeded onto the bottom of 24-well plates at a density of 2×10 4 cells/well before put in contact with scaffolds. The Saos-2 cells cultured in the presence of PLLA and absence of glass particles were used as negative control and latex (6 mm discs) were used as positive control.
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The metabolic activity and cellular proliferation of the Saos-2 cells were monitored at 1, 
Cell adhesion experiments
The cell adhesion study was performed with hASCs. The hASCs cells were isolated 
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Cell morphology was also evaluated at 7 and 21 days; cells were washed twice with phosphate buffer saline (PBS) and then fixed with Formalin for 15 min at room temperature. Prior to the analysis by SEM (Leica Cambridge S360, UK) equipped with an energy dispersive spectrometer (EDS; link-eXL-II), the samples were sputter coated (Fisons Instruments SC502, UK) with gold or carbon.
Results and Discussion
Silicate-based bioactive glass particles have been reported to improve the bioactive performance of scaffolds for tissue engineering [34, 35] , as well as, stimulating the proliferation and differentiation of cells [4, 18] . Herein, we evaluated the impact of borosilicate-based glasses (presenting different divalent modifier cations, i.e. Mg 
Characterisation of wet-spun fibre mesh scaffolds
PLLA-BBG fibres were produced using a solution of PLLA in chloroform to which the synthesised BBGs (<63 µm and density of ~2.8 g.cm -3 ) were suspended. Upon injection of this suspension into a methanolic coagulation bath the fibres were dried and moulded by fibre bonding. Scaffold specimens were prepared as 6 mm diameter discs (using a puncture), sterilised (88% CO 2 and 12% ethylene oxide at 45 °C with 180 kPa and 55% of humidity for 10 h) and preserved in a desiccator. Figure 1 presents the SEM images and X-ray diffraction patterns of the PLLA-BBG scaffolds.
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[ Figure 1 ]
Figure 1. SEM micrographs with insets of BBG particles incorporated into the fibres (a, b, c and d) and X-ray diffraction patterns (e) of PLLA and PLLA-BBG scaffolds (PLLA-BBG-Mg, PLLA-BBG-Ca and PLLA-BBG-Sr).
The XRD patterns of the scaffolds exhibited the characteristic peaks of PLLA at 2θ = 12.5 °, 14.7 °, 16.6 °, 19.1° and 22.3°, while there are no detectable peaks of BBGs due to their amorphous state and low concentration at the scaffold surface [36] .
The morphological analysis of the PLLA and PLLA-BBGs scaffolds was executed by μ-CT (Figure 2) . We observed the typical fibre mesh structure with random porous distribution, which are vital for cell ingrowth [27, 37] , as well as a homogenous dispersion of BBGs all over the scaffolds. From the mathematical analysis of the data (performed by the CTAn software, Table 1 ) it is possible to determine the porosity, interconnectivity and thickness of the scaffolds. These properties were unchanged with the incorporation of BBGs. The whole set of scaffolds presented porosities ranging from 53 to 67% and interconnectivity between 58 and 62%. It is also relevant to point out that the mean pore diameters are >100 µm, within the range of optimal pore size for cell penetration, regeneration and mineralisation of bone [27, 38] . Therefore, combining wet spinning and fibre bonding we were able to prepare PLLA-BBGs scaffolds with morphological characteristics appropriate for cell colonization. 
The upper images combine the PLLA fibres (blue) and the distribution of the BBGs (red), while the bottom images represent only the distribution of BBG particles (red)
within the scaffold. 
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In vitro degradation and bioactivity
The WL and WU are strongly correlated with the water stability and biodegradability of the scaffolds. They are extremely relevant properties to determine their expected lifetime under the physiological environment [39] . The WL (Figure 3a) data shows a faster degradation rate for the PLLA-BBGs compared to PLLA over 30 days of immersion in ultrapure water (e.g. at day 30, the PLLA-BBGs' WL is ~15% higher than the PLLA's WL). This data clearly suggests that the addition of BBG particles to the scaffolds augments its biodegradability, reflected in the increase of the WL of the composites [6, 40] .
In the case of the WU (Figure 3b) , while the PLLA scaffolds uptake a constant amount of water throughout the tested time period (i.e. ~15%), the PLLA-BBGs scaffolds present a WU peak at day 7 (similar to the PLLA WU) followed by a subsequent reduction over the immersion time. This latter reduction is probably associated with the increase of the local concentrations of inorganic species leached from the glass that, subsequently, at the latter time point, deposit in the surface of the glass particles, Typically, a bioactive material should promote the formation of a calcium phosphate layer on its surface upon immersion in SBF [41] . In [ Figure 4 ] Figure 4 we present the SEM images and the XRD patterns of the PLLA and PLLABBGs after immersion in SBF for 0, 7 and 14 days. The SEM images clearly demonstrate the deposition of an apatite-like layer in the surface of the composites, namely close to the glass particles, after 7 and 14 days of immersion in SBF. These layers present a cauliflower morphology, which is the characteristic shape of apatite structures, including hydroxyapatite [42, 43] . Furthermore, the EDS analysis executed on the regions where the inorganic deposits were observed indicate Ca/P ratios of ~1.5
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16 for day 7 and ~1.7 for day 14, which is close to the typical apatite Ca/P ratio of 1.67 [44] . In addition, the ICP quantification of the Ca and P present in the SBF as a function of time corroborates this findings, revealing a fast deposition of phosphates onto the surface of the PLLA-BBG scaffolds which might be related with the initial formation of amorphous calcium phosphates and, afterwards, to their evolution to a crystalline phase [45] . increase on the formation of calcium phosphate crystalline structures on the surface of the scaffolds. The peak at 2θ = 28.9 º can also be attributed to tricalcium phosphate (i.e.
Ca 3 (PO 4 ) 2 ). [48] Regarding the PLLA-BBG-Mg scaffolds, the same peak (2θ = 28.9 º) is
found, but with lower intensity, which can be also related with the formation of magnesium phosphate crystalline structures (i.e. Mg 3 (PO 4 ) 2 ) [49] . The peaks at 2θ = 25.4 º and 2θ = 28.9 º are also present in the PLLA-BBG-Sr XRD pattern, however, they are with lower intensity than the ones recorded for the PLLA-BBG-Ca (Figure 4d and 4c, respectively). These two peaks are commonly associated with the formation of apatite structures [47, 50] . In the specific case of the peak at 2θ = 25.4 º, it is usually associated with apatite structures where calcium is substituted by strontium [46] . The lower intensity of the peaks may be due to the fact that the Sr 2+ cations affect the adsorption of Ca 2+ in the initial stages of apatite formation [51] . Those two peaks are also found in the strontium phosphate crystalline phases, such as SrHPO 4 [52] . Overall, 
In vitro cytotoxicity
The PLLA and PLLA-BBGs scaffolds were tested for their in vitro cytotoxicity. To this purpose, we evaluated the metabolic activity and cell proliferation of Saos-2 cells 
Cell adhesion assay
hASCs are widely studied for bone tissue engineering due to their high abundance in fat tissue, ease to harvest and proliferate and, specially, because they present a high percentage of their population with an osteogenic potential [53, 54] . The cell adhesion assay was used to evaluate the suitability of the PLLA-BBG scaffolds for guided bone regeneration. hASCs were directly seeded on the top of the scaffolds (PLLA and PLLABBGs) and their morphology and ability to proliferate were assessed by SEM (Figure 6a through 6h), MTS and DNA quantification (Figure 6i and Figure 6j , respectively). However, this phenomenon was more pronounced for the PLLA-BBGs scaffolds, in particular for the composite that was formulated with the BBG-Ca microparticles, i.e.
A C C E P T E D
PLLA-BBG-Ca (Figure 6c ). In combination with the bioactivity analysis (where the PLLA-BBG-Ca scaffold presented a higher deposition of calcium phosphate crystalline phases), the biological evaluation data supports the suitability of this composition to generate a 3D porous structure that is able to promote cell attachment, proliferation and
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20 colonization of the bulk of the scaffold [54] . The great biodegradable and bioactive properties of PLLA-BBG composite scaffolds combined with their suitability for cell colonization support that PLLA-BBG composite scaffolds can be used to achieve medical-grade material for development of bone tissue engineered implants. Other in vivo mechanical and biocompatibility studies will be done in the near future.
Conclusions
PLLA-BBG scaffolds were successfully prepared through the incorporation of 25%
(w/w) of BBGs (with different divalent glass modifier cations, i.e. Mg 2+ , Ca 2+ and Sr 2+ )
in the PLLA matrix. The µCT analysis demonstrated that our procedure generated 3D
scaffolds with an interconnected structured with a high degree of porosity (58 to 62% of interconnectivity and 53 to 67% of porosity) and a mean pore diameter >100 µm -suitable for cell colonization of the bulk of the scaffolds. Degradation studies confirmed that the incorporation of BBG particles enhance the degradability of the composites with a constant release of inorganic species to the surrounding media. Bioactivity studies demonstrated that PLLA-BBG scaffolds are capable to produce a calcium phosphate-rich surface layer (PLLA-BBG-Ca and PLLA-BBG-Sr) after 7 days of culture (Ca/P ratio ~1.7). In vitro cell studies revealed that the proposed PLLA-BBG scaffolds do not elicit any cytotoxicity over 7 days of culture, while hASC's were able to adhere and proliferate throughout the surface and inner sections of the porous scaffolds, being a suitable for bone tissue engineering.
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Highlights  We prepared borosilicate glasses and their PLLA composites in the form of fibres  These glasses imparted bioactivity and controlled degradability to the fibres  The prepared fibres did not elicit cytotoxicity  hASCs attached and proliferated in the surface and inner sections of the scaffolds  The composites present appropriate properties to be used in bone tissue engineering
